Introduction {#S0001}
============

Colorectal cancer (CRC) is the third most prevalent malignancy and fourth most frequent cause of cancer-related deaths worldwide.[@CIT0001] Over one million new cases of CRC and 600,000 CRC-related deaths are reported globally each year.[@CIT0002] At present, surgical resection, systemic adjuvant chemotherapy, radiation therapy, immunotherapy, and targeted therapy are the primary strategies implemented for the treatment of patients with CRC.[@CIT0003] Despite tremendous progress in the diagnosis and treatment of cancer, the prognosis of patients with CRC remains dissatisfactory owing to the high rate of tumor recurrence and metastasis.[@CIT0004] Extensive evidence demonstrates the involvement of multiple factors, such as the inactivation of tumor suppressor genes, activation of oncogenes, and mutation of mismatch repair genes, in CRC pathogenesis; however, the detailed mechanisms are not yet completely understood.[@CIT0005]--[@CIT0007] Hence, it is of considerable importance to improve our understanding of the molecular mechanisms underlying CRC occurrence and development to provide new strategies for cancer diagnosis, therapy, and prevention.

microRNAs (miRNAs) are single-stranded, noncoding, short RNA molecules comprising approximately 18--23 nucleotides.[@CIT0008] miRNAs negatively regulate gene expression by causing translational inhibition and/or promoting messenger RNA (mRNA) degradation via direct binding to seed regions in the 3ʹ-untranslated regions (3ʹ-UTRs) of their target mRNAs.[@CIT0009] Over half of known miRNA genes are located in cancer-related genomic regions, suggestive of their close association with cancer initiation and progression.[@CIT0010] Thus far, several miRNAs have been demonstrated to show aberrant expression in human malignancies, such as gastric cancer,[@CIT0011] lung cancer,[@CIT0012] prostate cancer,[@CIT0013] glioblastoma,[@CIT0014] and pancreatic cancer.[@CIT0015] In particular, a variety of miRNAs are dysregulated in CRC and play either tumor-suppressive or oncogenic roles depending on the biological behaviors of their target genes.[@CIT0016]--[@CIT0018] Aberrantly expressed miRNAs contribute to the carcinogenesis and progression of CRC by affecting numerous biological processes, including cell proliferation, cell cycle arrest, apoptosis, invasion, metastasis, epithelial-mesenchymal transition, angiogenesis, and resistance to radiochemotherapy.[@CIT0019]--[@CIT0021] Therefore, investigation of CRC-related miRNAs is useful for understanding their roles and providing effective therapeutic targets for the management of CRC.

miR-877-5p (miR-877) was recently found to be related to tumorigenesis in hepatocellular carcinoma[@CIT0022],[@CIT0023] and renal cell carcinoma.[@CIT0024] However, little is known regarding the expression patterns and biological functions of miR-877 in CRC tumorigenesis. In the present study, we detected the expression of miR-877 in CRC and examined its clinical significance in patients with CRC. In addition, we investigated the effects of miR-877 upregulation on CRC cell proliferation, colony formation, apoptosis, and metastasis in vitro and tumor growth in vivo. Furthermore, the mechanism underlying the tumor suppressor action of miR-877 in CRC cells was explored,

Material and methods {#S0002}
====================

Patients and tissue specimens {#S0002-S2001}
-----------------------------

This study was approved by the Ethical Committee of Xiangya Hospital and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients enrolled in the study. In total, 53 pairs of CRC tissues and adjacent non-tumor tissues were collected from patients who underwent surgical tumor resection at Xiangya Hospital between June 2015 and August 2017. None of the patients had received either chemotherapy or radiotherapy prior to surgical resection. Following surgical resection, all tissue samples were quickly frozen in liquid nitrogen and stored at −80 °C for further use.

Cell lines {#S0002-S2002}
----------

A normal human colon epithelium cell line (FHC) and four CRC cell lines (SW480, SW620, HT29, and HCT116) were purchased from the American Type Culture Collection (Manassas, VA, USA). All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin mixture (all from Gibco-Thermo Fisher Scientific Inc., Waltham, MA, USA) and were maintained at 37 °C in a humidified incubator supplied with 5% CO~2~.

Oligonucleotide and plasmid transfection {#S0002-S2003}
----------------------------------------

miR-877 mimics and negative control (miR-NC) were obtained from GenePharma Co. Ltd. (Shanghai, China). Small interfering RNA (siRNA) used to knock down endogenous *MTDH* (MTDH siRNA) and negative control siRNA (NC siRNA) were purchased from RiboBio Co. Ltd. (Guangzhou, China). The pcDNA3.1-MTDH (pc-MTDH) plasmid used for *MTDH* overexpression and the empty pcDNA3.1 plasmid were constructed by the Chinese Academy of Sciences (Changchun, China). Cells were seeded into 6-well plates, and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used for all transfection experiments.

Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) {#S0002-S2004}
----------------------------------------------------------------------

Total RNA was isolated from tissue samples or cultured cells using TRIzol® (Invitrogen), and the concentration of total RNA was measured using a NanoDrop 2000/2000c (Thermo Fisher Scientific, Inc.). The integrity of total RNA was determined by agarose gel electrophoresis. To quantify miR-877 expression, total RNA was reverse-transcribed into complementary DNA (cDNA) using a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The expression level of miR-877 was determined with a TaqMan MicroRNA PCR Kit (Applied Biosystems). For *MTDH* mRNA detection, cDNA was synthesized from total RNA using a PrimeScript™ RT Reagent Kit (Takara Biotechnology Co. Ltd., Dalian, China). Quantitative PCR was conducted using SYBR Premix Ex Taq master mix (Takara Biotechnology Co. Ltd., Dalian, China). The U6 small nuclear RNA and glyceraldehyde-3-phosphate (*GAPDH*) were used as internal controls to normalize the relative expression levels of miR-877 and *MTDH* mRNA, respectively. Each assay was performed in triplicate, and all data were analyzed using the 2^−∆∆Ct^ method.[@CIT0025]

Cell counting kit-8 (CCK-8) and colony formation assays {#S0002-S2005}
-------------------------------------------------------

Transfected cells were collected after 24 h of incubation, suspended in DMEM, and inoculated in 96-well plates at a density of 3×10^3^ cells/well. Cellular proliferation was measured at different time points (0, 24, 48, and 72 h) after inoculation. At these specified times, CCK-8 assays were performed by adding 10 μL of CCK-8 solution (Beyotime Institute of Biotechnology, Haimen, China) to each well. After 2 h of incubation at 37 °C, the optical density (OD) value was determined at a wavelength of 450 nm using a microplate reader (iMark™; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

For the colony formation assay, the transfected cells were harvested at 24 h post-transfection and seeded into 6-well plates at an initial density of 1×10^3^ cells/well. Cells were grown at 37 °C in 5% CO~2~ for 14 days. On day 15, cells were fixed with 4% paraformaldehyde and stained with methyl violet. After extensive washing with phosphate-buffered saline (PBS), the number of colonies (\>50 cells/colony) was counted under an inverted light microscope (Olympus Corporation, Tokyo, Japan).

Assessment of apoptosis using annexin v-fluorescein isothiocyanate (FITC) {#S0002-S2006}
-------------------------------------------------------------------------

The annexin V-FITC apoptosis detection kit (BioLegend, San Diego, CA, USA) was used for the detection of cell apoptosis. The transfected cells were trypsinized 48 h after transfection and then washed with ice-cold PBS. These cells were resuspended in 100 µL of binding buffer and treated with 5 µL of annexin V-FITC and 5 µL of propidium iodide. Following 20 min of incubation at room temperature in the dark, the cells were analyzed using flow cytometry (FACScan™; BD Biosciences, Franklin Lakes, NJ, USA).

Transwell migration and invasion assays {#S0002-S2007}
---------------------------------------

Single-cell suspensions of transfected cells were prepared by trypsinization at 48 h post-transfection. For migration assays, a total of 5×10^4^ transfected cells suspended in FBS-free DMEM were seeded into the upper compartments of a 24-well Transwell chamber (Corning Costar, Corning, NY, USA) containing a polycarbonate membrane filter (pore size: 8 μM). The lower compartments were filled with 500 µL DMEM supplemented with 10% FBS to serve as a chemoattractant. After 24 h of incubation, cells that failed to pass through the membrane were removed using a cotton swab. The migrated cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. For each chamber insert, five visual fields were randomly selected, and the average number of migrated cells was counted under an inverted light microscope. The procedure for the invasion assay was similar to that for the migration assay, except that the Transwell chambers were precoated with Matrigel (BD Biosciences).

Xenograft experiment {#S0002-S2008}
--------------------

A total of eight BALB/c nude mice (4 weeks old) were purchased from the Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China). SW480 cells transfected with miR-877 mimics or miR-NC were collected after 24 h of incubation. In total, 5×10^6^ transfected cells in 100 µL culture medium were subcutaneously injected into the dorsal flanks of nude mice. Tumor length and width were measured every 4 days, and tumor volume was calculated using the following formula: tumor volume (mm^3^) = width^2^ (mm^2^) × length (mm)/2.[@CIT0026] All mice were sacrificed 30 days after implantation, and the xenografts formed were excised and weighed. The xenograft experiments were approved by the Ethics Review Committee of Xiangya Hospital and performed in accordance with the "Animal Protection Law of the People's Republic of China-2009" for experimental animals.

Bioinformatics analysis {#S0002-S2009}
-----------------------

The putative targets of miR-877 were predicted using TargetScan (<http://targetscan.org/>) and miRDB (<http://www.mirdb.org/>).

Luciferase reporter assay {#S0002-S2010}
-------------------------

The 3′-UTR of *MTDH* containing a wild-type (WT) or mutated (MUT) version of the putative binding region of miR-877 was amplified by Shanghai GenePharma Co. Ltd. and inserted into the pGL3-promoter vector (Promega, Madison, WI, USA). The chemically constructed luciferase reporter vectors were referred to as pGL3-WT-MTDH-3′-UTR and pGL3-MUT-MTDH-3′-UTR, respectively. For luciferase reporter assays, cells in 24-well plates were co-transfected with miR-877 mimics or miR-NC and pGL3-WT-MTDH-3′-UTR or pGL3-MUT-MTDH-3′-UTR using Lipofectamine 2000, according to the manufacturer's instructions. After 6 h of incubation at 37 °C and 5% CO~2~, the culture medium was replaced with fresh DMEM containing 10% FBS. The luciferase activity was assessed at 48 h post-transfection using a dual-luciferase reporter assay system (Promega). The activity of firefly luciferase was normalized to that of *Renilla* luciferase.

Western blotting analysis {#S0002-S2011}
-------------------------

Total protein was isolated from tissue samples or cultured cells using a Total Protein Extraction kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China), and the protein concentration was evaluated using a BCA kit (Pierce, Rockford, IL, USA). Equivalent amounts of proteins were loaded and separated on a 10% sodium dodecyl sulfate polyacrylamide gel, and the separated bands were transferred onto polyvinylidene difluoride membranes (Beyotime Institute of Biotechnology). The membranes were blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) and incubated overnight at 4 °C with primary antibodies. Following extensive washing with TBST, horseradish peroxidase-conjugated goat anti-mouse secondary antibodies (ab6728; 1:5,000 dilution; Abcam, Cambridge, UK) were used to probe the membranes at room temperature for 2 h. The protein signals were visualized using an enhanced chemiluminescence (ECL) protein detection kit (Pierce). The primary antibodies used in this study were as follows: mouse anti-human monoclonal PTEN antibody (ab77161; 1:1,000 dilution; Abcam), mouse anti-human MTDH monoclonal antibody (sc-517220; 1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-human monoclonal AKT antibody (sc-81434; 1:1,000 dilution; Santa Cruz Biotechnology), mouse anti-human monoclonal p-AKT antibody (sc-514032; 1:1,000 dilution; Santa Cruz Biotechnology), and mouse anti-human monoclonal GADPH antibody (sc-51907; 1:1,000 dilution; Santa Cruz Biotechnology).

Statistical analysis {#S0002-S2012}
--------------------

Data are expressed as mean ± standard deviation (mean ± SD) of at least three separate experiments. All data were analyzed using SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA) and GraphPad Prism V5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Associations between miR-877 and clinicopathological factors were examined using chi-square tests. Differences between multiple groups or two groups were analyzed with one-way analysis of variance followed by Tukey's post-hoc test or Student's *t*-test, respectively. Spearman's correlation analysis was performed to determine the relationship between miR-877 and *MTDH* mRNA levels in CRC tissues. Results with values of *P*\<0.05 were considered statistically significant.

Results {#S0003}
=======

miR-877 is downregulated in CRC tissues and cell lines {#S0003-S2001}
------------------------------------------------------

The expression levels of miR-877 were evaluated in 53 pairs of CRC tissues and adjacent non-tumor tissues using RT-qPCR. miR-877 expression was notably lower in CRC tissues that in the adjacent non-tumor tissues ([Figure 1A](#F0001){ref-type="fig"}, *P*\<0.05). To evaluate the clinical significance of miR-877 in CRC, all patients were divided into groups with low and high miR-877 expression according to the median value of miR-877. Low miR-877 expression was significantly correlated with lymph node metastasis (*P*=0.039) and TNM stage (*P*=0.018). However, no obvious association was identified between the expression of miR-877 and other clinicopathological factors (all *P*\>0.05; [Table 1](#T0001){ref-type="table"}). Furthermore, the expression level of miR-877 was evaluated in four CRC cell lines (SW480, SW620, HT29, and HCT116) and a normal human colon epithelium cell line (FHC). All four CRC cell lines showed significant downregulation of miR-877 as compared with expression in FHC cells ([Figure 1B](#F0001){ref-type="fig"}, *P*\<0.05). These results suggest that miR-877 may be involved in colorectal carcinogenesis.Table 1The association between miR-877 expression levels and clinicopathological factors of patients with colorectal cancerClinicopathologic factorsmiR-877 low groupmiR-877 high group*P*-value**Sex**0.659 Male1516 Female1210**Age (years)**0.340 \<55912 ≥551814**Tumor differentiation**0.449 Well and Moderate118 Poor1618**Tumor size (cm)**0.341 \<51013 ≥51713**Lymph node metastasis**0.039 Absence815 Presence1911**TNM stage**0.018 I--II614 III--IV2112[^1] Figure 1miR-877 is downregulated in CRC tissues and cell lines. (**A**) miR-877 expression in 53 pairs of CRC tissues and adjacent non-tumor tissues was detected by RT-qPCR. \**P*\<0.05 versus non-tumor tissues. (**B**) RT-qPCR was used to determine the expression level of miR-877 in four CRC cell lines (SW480, SW620, HT29, and HCT116) and a normal human colon epithelium cell line (FHC). \**P*\<0.05 versus FHC.

miR-877 upregulation inhibits cell proliferation and colony formation and induces cell apoptosis in CRC {#S0003-S2002}
-------------------------------------------------------------------------------------------------------

To reveal the specific role of miR-877 in CRC, the SW480 and HCT116 cell lines, which showed the lowest miR-877 level among the four CRC cell lines, were chosen for functional assays. We transfected the two cell lines with miR-877 mimics or miR-NC. After transfection, RT-qPCR analysis demonstrated that miR-877 expression was notably upregulated in SW480 and HCT116 cells treated with miR-877 mimics ([Figure 2A](#F0002){ref-type="fig"}, *P*\<0.05). CCK-8 assay was used to determine the effect of miR-877 overexpression on the proliferation of CRC cells and showed that ectopic miR-877 expression significantly suppressed the proliferative ability of SW480 and HCT116 cells ([Figure 2B](#F0002){ref-type="fig"}, *P*\<0.05). Furthermore, colony formation assay results revealed that fewer colonies were formed by SW480 and HCT116 cells transfected with miR-877 mimics than by cells transfected with miR-NC ([Figure 2C](#F0002){ref-type="fig"}, *P*\<0.05). Next, the influence of miR-877 upregulation on CRC cell apoptosis was examined, and a significant increase in the apoptosis rate was observed in SW480 and HCT116 cells transfected with miR-877 mimics compared to that in cells transfected with miR-NC ([Figure 2D](#F0002){ref-type="fig"}, *P*\<0.05). These results suggest that miR-877 may inhibit the growth of CRC cells in vitro.Figure 2Exogenous miR-877 expression inhibits proliferation and colony formation and promotes apoptosis of CRC cells. (**A**) SW480 and HCT116 cells were transfected with miR-877 mimics or miR-NC. RT-qPCR was performed at 48 h post-transfection to measure miR-877 expression. \**P*\<0.05 versus miR-NC. (**B**) CCK-8 assay was employed to determine the proliferation of SW480 and HCT116 cells transfected with miR-877 mimics or miR-NC. \**P*\<0.05 versus miR-NC. (**C**) Effect of miR-877 overexpression on colony formation ability of SW480 and HCT116 cells was examined using colony formation assay. \**P*\<0.05 versus miR-NC. (**D**) Apoptosis rate in SW480 and HCT116 cells after transfection with miR-877 mimics or miR-NC was detected using annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit. \**P*\<0.05 versus miR-NC.

miR-877 overexpression attenuates the migration and invasion of CRC cells {#S0003-S2003}
-------------------------------------------------------------------------

Transwell migration and invasion assays were performed to investigate the functional role of miR-877 in the migration and invasion of CRC cells. Restoration of miR-877 expression resulted in significantly reduced migration ([Figure 3A](#F0003){ref-type="fig"}, *P*\<0.05) and invasion ([Figure 3B](#F0003){ref-type="fig"}, *P*\<0.05) capacities of SW480 and HCT116 cells. These results suggest that miR-877 may inhibit the metastasis of CRC cells in vitro.Figure 3Ectopic miR-877 expression suppresses the migratory and invasive abilities of CRC cells. miR-877 mimics or miR-NC was introduced into SW480 and HCT116 cells. The influence of miR-877 upregulation on the migration (**A**) and invasion (**B**) abilities of SW480 and HCT116 cells was evaluated using Transwell migration and invasion assays.

*MTDH* is a direct target of miR-877 in CRC cells {#S0003-S2004}
-------------------------------------------------

To understand the mechanism underlying the tumor suppressive role of miR-877 in CRC, the putative targets of miR-877 were predicted using two different miRNA target prediction programs: TargetScan and miRDB. *MTDH* was predicted to be a potential target of miR-877 by both target prediction programs. The 3′-UTR of *MTDH* carries a sequence complementary to that of miR-877 ([Figure 4A](#F0004){ref-type="fig"}). Thus, *MTDH*, which is abnormally upregulated in CRC and is known to play crucial roles in the development of CRC,[@CIT0027]--[@CIT0034] was chosen for further analysis. To confirm that MTDH is a target of miR-877, luciferase reporter assays were performed in SW480 and HCT116 cells co-transfected with miR-877 mimics or miR-NC and a luciferase reporter plasmid carrying the WT or MUT *MTDH* binding site. As shown in [Figure 4B](#F0004){ref-type="fig"}, the restoration of miR-877 expression prominently reduced the luciferase activity of the plasmid harboring the WT miR-877 site in the 3′-UTR of *MTDH* in both SW480 and HCT116 cells (*P*\<0.05). However, luciferase activity was unaffected upon transfection with the plasmid carrying the MUT binding sequence in the 3′-UTR.Figure 4*MTDH* is a direct target gene of miR-877 in CRC cells. (**A**) A sequence complementary to that of miR-877 was discovered in the 3′-UTR of *MTDH*. The mutant miR-877-binding sequence is also shown. (**B**) miR-877 mimics or miR-NC and pGL3-WT-MTDH-3′-UTR or pGL3-MUT-MTDH-3′-UTR were co-transfected into SW480 and HCT116 cells. After 48 h of transfection, luciferase reporter assay was performed to detect luciferase activity. \**P*\<0.05 versus miR-NC. (**C**) *MTDH* mRNA expression in 53 pairs of CRC tissues and adjacent non-tumor tissues was detected through RT-qPCR. \**P*\<0.05 versus non-tumor tissues. (**D** and **E**) Western blotting analysis was carried out to measure MTDH protein expression in several pairs of CRC tissues and adjacent non-tumor tissues. N: non-tumor tissues; T: CRC tissues. \**P*\<0.05 versus non-tumor tissues. (**F**) Spearman's correlation analysis was applied to evaluate the relationship between miR-877 and *MTDH* mRNA levels in CRC tissues. r=−0.5381, *P*\<0.0001. (**G** and **H**) SW480 and HCT116 cells were transfected with miR-877 or miR-NC. Results of RT-qPCR and western blotting analyses indicated that miR-877 upregulation decreased *MTDH* mRNA and protein expression. \**P*\<0.05 versus miR-NC.

To further explore the association between miR-877 and *MTDH* in CRC, we detected *MTDH* expression in CRC tissues and investigated whether miR-877 expression was negatively correlated with *MTDH* expression. RT-qPCR and western blotting analyses showed that *MTDH* mRNA ([Figure 4C](#F0004){ref-type="fig"}, *P*\<0.05) and protein ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}, *P*\<0.05) expression levels were significantly upregulated in CRC tissues relative to those in adjacent non-tumor tissues. In addition, an inverse correlation was found between the expression levels of miR-877 and *MTDH* mRNA in CRC tissues according to Spearman's correlation analysis ([Figure 4F](#F0004){ref-type="fig"}, r=− 0.5381, *P*\<0.0001). Furthermore, transfection with miR-877 mimics resulted in a significant decrease in *MTDH* expression at both the mRNA ([Figure 4G](#F0004){ref-type="fig"}, *P*\<0.05) and protein ([Figure 4H](#F0004){ref-type="fig"}, *P*\<0.05) levels in SW480 and HCT116 cells. Thus, *MTDH* is a direct target of miR-877 in CRC cells.

Inhibition of *MTDH* simulates tumor suppressor role of miR-877 in CRC cells {#S0003-S2005}
----------------------------------------------------------------------------

To evaluate whether *MTDH* is a direct functional downstream target of miR-877 in CRC cells, we explored the functional roles of *MTDH*. SW480 and HCT116 cells were transfected with *MTDH* or NC siRNA. Western blotting analysis indicated that *MTDH* siRNA transfection effectively knocked down the expression of endogenous *MTDH* in both SW480 and HCT116 cells ([Figure 5A](#F0005){ref-type="fig"}, *P*\<0.05). A series of functional assays revealed that *MTDH* knockdown resulted in the inhibition of cell proliferation ([Figure 5B](#F0005){ref-type="fig"}, *P*\<0.05) and colony formation ([Figure 5C](#F0005){ref-type="fig"}, *P*\<0.05), induction of cell apoptosis ([Figure 5D](#F0005){ref-type="fig"}, *P*\<0.05), and attenuation of cell migration ([Figure 5E](#F0005){ref-type="fig"}, *P*\<0.05) and invasion ([Figure 5F](#F0005){ref-type="fig"}, *P*\<0.05). These results demonstrate that *MTDH* knockdown reproduces the results observed for miR-877 overexpression in CRC cells, suggesting that *MTDH* may act as a direct functional target of miR-877 in CRC cells.Figure 5*MTDH* silencing reproduces the effects of miR-877 upregulation in CRC cells. SW480 and HCT116 cells were treated with *MTDH* siRNA or NC siRNA. (**A**) *MTDH* protein expression was determined by western blotting analysis. \**P*\<0.05 versus NC siRNA. (**B** and **C**) CCK-8 and colony formation assays were performed to detect the proliferation and colony formation abilities of SW480 and HCT116 cells after *MTDH* siRNA or NC siRNA transfection. \**P*\<0.05 versus NC siRNA. (**D**) The percentage of apoptotic cells among SW480 and HCT116 cells transfected with *MTDH* siRNA or NC siRNA was assessed using annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit. \**P* \< 0.05 versus NC siRNA. (**E** and **F**) Transwell migration and invasion assays were used to determine the effects of *MTDH* downregulation on the migration and invasion abilities of SW480 and HCT116 cells. \**P*\<0.05 versus NC siRNA.

Restoration of *MTDH* expression counteracts the tumor suppressor role of miR-877 in CRC cells {#S0003-S2006}
----------------------------------------------------------------------------------------------

As *MTDH* was identified as a direct target of miR-877, rescue experiments were conducted to investigate whether the effects of miR-877 on CRC cells were dependent on *MTDH* expression. An *MTDH* overexpression plasmid (pc-MTDH) or empty pcDNA3.1 plasmid was transfected into SW480 and HCT116 cells that were treated with miR-877 mimics. Western blotting analysis showed that the decrease in MTDH protein expression caused by miR-877 upregulation was reversed in SW480 and HCT116 cells co-transfected with pc-MTDH ([Figure 6A](#F0006){ref-type="fig"}, *P*\<0.05). The tumor suppressive effects observed upon miR-877 overexpression, including effects on cell proliferation ([Figure 6B](#F0006){ref-type="fig"}, *P*\<0.05), colony formation ([Figure 6C](#F0006){ref-type="fig"}, *P*\<0.05), apoptosis ([Figure 6D](#F0006){ref-type="fig"}, *P*\<0.05), migration ([Figure 6E](#F0006){ref-type="fig"}, *P*\<0.05), and invasion ([Figure 6F](#F0006){ref-type="fig"}, *P*\<0.05), were partly counteracted upon restoration of *MTDH* expression. These results demonstrate that miR-877 may act as a tumor suppressor in CRC, at least in part, by reducing *MTDH* expression.Figure 6Restoration of *MTDH* expression abolishes the phenotypic changes caused by miR-877 overexpression in CRC cells. miR-877 mimics were co-transfected with *MTDH* overexpression plasmid (pc-MTDH) or empty pcDNA3.1 plasmid into SW480 and HCT116 cells. (**A**) Transfected cells were harvested at 72 h post-transfection and subjected to western blotting analysis for the evaluation of MTDH protein expression. \**P*\<0.05 versus miR-NC. ^\#^*P*\<0.05 versus miR-877 mimics + pcDNA3.1. (**B** and **C**) CCK-8 and colony formation assays were used to evaluate the proliferation and colony formation abilities of SW480 and HCT116 cells treated as above. \**P*\<0.05 versus miR-NC. ^\#^*P*\<0.05 versus miR-877 mimics + pcDNA3.1. (**D**) The apoptosis rate was measured using annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit. \**P*\<0.05 versus miR-NC. ^\#^*P*\<0.05 versus miR-877 mimics + pcDNA3.1. (**E** and **F**) Migration and invasion of SW480 and HCT116 cells co-transfected with miR-877 mimics and pc-MTDH or empty pcDNA3.1 were examined through Transwell migration and invasion assays. \**P*\<0.05 versus miR-NC. ^\#^*P*\<0.05 versus miR-877 mimics + pcDNA3.1.

miR-877 inhibits activation of the PTEN/Akt signaling pathway in CRC cells {#S0003-S2007}
--------------------------------------------------------------------------

Studies have shown the involvement of *MTDH* in the regulation of the PTEN/Akt signaling pathway.[@CIT0035],[@CIT0036] We therefore explored the ability of miR-877 to influence the activation of the PTEN/Akt pathway in CRC cells via the inhibition of *MTDH* expression. Levels of PTEN, p-Akt, and Akt were measured in SW480 and HCT116 cells after co-transfection with miR-877 mimics and pc-MTDH or empty pcDNA3.1 plasmid. The ectopic expression of miR-877 resulted in an increase in PTEN and a decrease in p-Akt protein levels in SW480 and HCT116 cells; no change was observed in the expression level of total Akt protein. Restoration of *MTDH* expression abolished the changes in PTEN and p-Akt protein expression induced in response to miR-877 upregulation ([Figure 7](#F0007){ref-type="fig"}). Thus, miR-877 directly targets *MTDH* to inhibit the activation of the PTEN/Akt pathway in CRC cells.Figure 7miR-877 directly targets *MTDH* to inhibit the activation of the PTEN/Akt signaling pathway in CRC cells. SW480 and HCT116 cells were co-transfected with miR-877 mimics and pc-MTDH or empty pcDNA3.1. After 72 h of transfection, western blotting analysis was performed to measure PTEN, p-Akt, and Akt protein levels.

miR-877 inhibits growth of colorectal tumors in vivo {#S0003-S2008}
----------------------------------------------------

To extend these observations in vivo, we established a xenograft model to evaluate whether miR-877 expression affects the growth of CRC cells in vivo. SW480 cells transfected with miR-877 mimics or miR-NC were injected into the dorsal flanks of nude mice. As indicated in [Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}, the volumes of xenograft tumors were significantly lower in mice treated with miR-877 mimics than in those treated with miR-NC (*P*\<0.05). In addition, treatment with miR-877 mimics caused a notable decrease in tumor weight relative to treatment with miR-NC ([Figure 8C](#F0008){ref-type="fig"}, *P*\<0.05). The expression of miR-877 was higher in the miR-877 mimics groups than in the miR-NC group, as detected by RT-qPCR ([Figure 8D](#F0008){ref-type="fig"}, *P*\<0.05). Western blotting analysis revealed significant downregulation of the expression of *MTDH* and p-Akt and upregulation of PTEN in the miR-877 mimics-treated group ([Figure 8E](#F0008){ref-type="fig"}). These data suggest that miR-877 restricts the growth of CRC cells in vivo through the suppression of *MTDH* expression and regulation of the PTEN/Akt pathway.Figure 8miR-877 inhibits CRC tumor growth in vivo. (**A**) Tumor xenografts derived from SW480 cells transfected with miR-877 mimics or miR-NC. (**B**) Tumor length and width were measured every 4 days, and tumor volumes were calculated using the following formula: tumor volume (mm^3^) = width^2^ (mm^2^) × length (mm)/2. \**P*\<0.05 versus miR-NC. (**C**) After 30 days, all mice were sacrificed, and xenografts were excised and weighed. \**P*\<0.05 versus miR-NC. (**D**) RT-qPCR was utilized to determine miR-877 expression in tumor xenografts derived from SW480 cells transfected with miR-877 mimics or miR-NC. \**P*\<0.05 versus miR-NC. (**E**) Expression levels of MTDH, PTEN, p-Akt, and Akt in tumor xenografts were detected using western blotting analysis.

Discussion {#S0004}
==========

Studies have highlighted the aberrant expression patterns of several miRNAs in CRC.[@CIT0037]--[@CIT0039] Dysregulated miRNA expression is associated with CRC pathogenesis, as these miRNAs act as tumor suppressors or oncogenes depending on the biological functions of their target genes.[@CIT0039] Therefore, studies on these miRNAs in CRC may improve our understanding of the mechanisms underlying CRC occurrence and development, which may be helpful for the design of promising therapeutic approaches for patients with CRC. In the present study, we detected the expression of miR-877 in CRC tissues and cell lines and clarified the clinical significance of miR-877 in patients with CRC. We determined the roles of miR-877 in CRC and explored the underlying mechanisms.

miR-877 is downregulated in hepatocellular carcinoma tissues and cell lines,[@CIT0022],[@CIT0023] and a decrease in miR-877 expression is strongly associated with histologic grade and TNM stage.[@CIT0022] Kaplan-Meier analysis previously indicated that low miR-877 expression was significantly correlated with a shorter overall survival and disease-free survival. In addition, multivariate analysis identified miR-877 as an independent biomarker for poor prognosis in patients with hepatocellular carcinoma.[@CIT0022] Low expression of miR-877 has also been detected in blood sera, tissues, and cell lines from subjects with renal cell carcinoma.[@CIT0024] However, the expression status of miR-877 in CRC was previously unclear. Herein, we collected 53 pairs of CRC tissues and adjacent non-tumor tissues and evaluated the expression level of miR-877. The expression of miR-877 was also determined in several human CRC cell lines. Our results showed that the expression of miR-877 was downregulated in CRC tissues and cell lines. The clinical significance of miR-877 expression in patients with CRC was also determined. Low expression of miR-877 was related to lymph node metastasis and TNM stage in CRC patients. These findings suggest that miR-877 may be a potential biomarker for the diagnosis of human malignancies.

miR-877 acts as a tumor suppressor during carcinogenesis and cancer progression. For instance, miR-877 overexpression suppresses hepatocellular carcinoma cell proliferation, colony formation, and metastasis and improves the chemosensitivity of CRC cells to paclitaxel.[@CIT0022],[@CIT0023] In renal cell carcinoma, the restoration of miR-877 expression decreases cell proliferation and migration.[@CIT0024] However, the specific roles of miR-877 in the progression and development of CRC were unknown. In the current study, a series of in vitro and in vivo experiments revealed that miR-877 upregulation attenuated CRC cell proliferation and colony formation activity, induced apoptosis, reduced cell migration and invasion, and restricted tumor growth in vivo. These findings suggest that miR-877 may serve as a promising therapeutic target for the treatment of patients with these cancer types.

Multiple genes, including cyclin-dependent kinase 14 (CDK14),[@CIT0022] Forkhead box protein M1 (FOXM1),[@CIT0023] and eukaryotic elongation factor-2 kinase,[@CIT0024] are known as direct targets of miR-877. *MTDH*, also known as astrocyte elevated gene-1, was predicted to be a putative target gene of miR-877 through bioinformatics analysis. Luciferase reporter assays revealed that miR-877 directly interacted with the 3′-UTR of *MTDH* in CRC cells. In CRC tissues, *MTDH* was overexpressed, and *MTDH* expression inversely correlated with that of miR-877. In addition, RT-qPCR and western blotting analyses demonstrated a decrease in *MTDH* expression at both the mRNA and protein levels in CRC cells upon the restoration of miR-877 expression. *MTDH* knockdown recapitulated the results observed following miR-877 overexpression in CRC cells, while restoration of *MTDH* expression antagonized the tumor suppressive effects observed upon miR-877 overexpression in CRC cells. These results provide sufficient evidence to demonstrate that *MTDH* is a direct and functional downstream target of miR-877 in CRC cells.

*MTDH* is overexpressed in CRC tissues and cell lines. *MTDH* expression is correlated with age, tumor location, Union for International Cancer Control (UICC) stage, TNM stage, Duke's stage, and histological differentiation.[@CIT0027]--[@CIT0029] Patients with CRC with high *MTDH* expression exhibit poorer postoperative disease-specific survival than those with low *MTDH* expression. Cox regression analysis has shown that the *MTDH* expression level is an independent prognostic factor in patients with CRC.[@CIT0029] *MTDH* has oncogenic roles in colorectal carcinogenesis and cancer development, affecting cell proliferation, cell cycle progression, apoptosis, migration, invasion, and metastasis, as well as the epithelial‑mesenchymal transition.[@CIT0030]--[@CIT0034] In the present study, miR-877 directly targeted *MTDH* and inhibited the aggressive behavior of CRC cells. Thus, *MTDH* silencing using miR-877 may serve as an attractive therapeutic strategy for CRC treatment. Despite these findings, in the current study, we did not determine the association between miR-877 expression and the prognosis of CRC patients. Additionally, the influence of miR-877 on metastasis in vivo was not examined. These issues will be investigated in future studies.

Taken together, the results of the present study confirmed the downregulation of miR-877 expression in CRC tissues and cell lines. miR-877 inhibited the malignant progression of CRC cells by directly targeting *MTDH* and regulating the PTEN/Akt signaling pathway. These findings may provide a novel strategy facilitating the development of valuable techniques for CRC prevention and therapy.
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